Introduction
============

Hematopoietic stem cells (HSC) give rise to all blood cell types over the entire life of an organism. In adult mammals, they are located in very specific microenvironments of the bone marrow (BM), allowing maintenance of HSC functions.^[@b1-1052044]^ In humans, HSC are enriched in the CD34^+^ CD38^low^ CD90^+^ CD45RA^−^ cell population that also contains immature progenitors, hereafter called HSPC.^[@b2-1052044],[@b3-1052044]^ Hematopoietic stem/progenitor cells (HSPC) are multipotent and mainly slow cycling cells. They possess a self-renewal potential that allows them to sustain the continuous generation of blood cells. Quiescence and self-renewal are regulated by several extrinsic factors, such as cytokines, extracellular matrix proteins and adhesion molecules,^[@b4-1052044],[@b5-1052044]^ as well as intrinsic factors, such as transcription factors (TAL1,^[@b6-1052044]--[@b8-1052044]^ GATA-2, etc.^[@b9-1052044]^), proteins implicated in DNA damage repair pathways,^[@b10-1052044]--[@b12-1052044]^ and cell cycle regulators.^[@b13-1052044]--[@b15-1052044]^ Mutations in genes involved in DNA repair induce BM failure with exhaustion of the HSC pool, demonstrating that preserving genome integrity is crucial for HSC long-term maintenance (reviewed by Biechonski and Milyavsky).^[@b16-1052044]^ For instance, *ku80*, *lig4* and *atm*-deficient mice exhibit defects in HSC maintenance and self-renewal.^[@b10-1052044]--[@b12-1052044]^ *Atm*-deficient HSC harbor increased levels of reactive oxygen species (ROS) responsible for their loss of hematopoietic reconstitution capacity^[@b10-1052044]^ that can be rescued by treatment with the antioxidant N-acetylcystein (NAC). Indeed, increased ROS in HSC induce their differentiation and their exhaustion^[@b17-1052044],[@b18-1052044]^ and quiescent HSC with the lowest level of ROS have the highest hematopoietic reconstitution potential compared to 'activated' HSC har-boring higher ROS levels.^[@b17-1052044]^ Interestingly, in mouse and human, ROS and DNA damage accumulate in HSC upon serial transplantation resulting in decreased self-renewal capacities. NAC-treated HSC are protected against the accumulation of oxidative DNA damage.^[@b18-1052044],[@b19-1052044]^

Ionizing radiations (IR) represent the main source of DNA damage and ROS. Importantly, the human population is increasingly exposed to low doses of IR (LDIR, \<100 mGy) due to the recurrent use of medical imaging.^[@b20-1052044]^ Studies have shown that combinations of several computed tomography (CT) scans (thoracic or cranial) can increase the risk of developing cancer.^[@b21-1052044]^ Indeed, having more than five CT scans (corresponding to a cumulative dose of 30 mGy) can lead to a 3-fold increase in the risk of developing pediatric leukemia. Moreover, a recent study showed that 20 mGy LDIR affects the fundamental properties of HSC in mouse.^[@b22-1052044]^ In this context, it is crucial to study the consequences of LDIR exposure in human cells, in particular in human HSC. Here we show through combining *in vitro* and *in vivo* studies that a single acute 20 mGy LDIR decreases human HSPC serial clonogenic and reconstitution potentials, and that these effects are mediated through a ROS/p38MAPK-dependent signaling pathway.

Methods
=======

Primary cells
-------------

Cord blood (CB) samples were collected from healthy infants with the informed written consent of the mothers according to the Declaration of Helsinki. Samples were obtained in collaboration with the Clinique des Noriets, Vitry-sur-Seine, and with the Cell Therapy Department of Hôpital Saint-Louis, Paris, France. Samplings and experiments were approved by the Institutional Review Board of INSERM (Opinion n. 13-105-1, IRB00003888). CD34^+^ cells were purified by immuno-magnetic selection using a CD34 MicroBeads kit (Miltenyi Biotec, Paris, France). For each experiment, we used a pool of CD34^+^ cells from different healthy infants to diminish individual variability.

Low dose of ionizing radiations
-------------------------------

20 mGy LDIR was delivered with a dose rate of 20 mGy/minute (min) using a Cobalt 60 Irradiator (Alcyon). 2.5 Gy was delivered with a dose rate of 1 Gy/min.

Flow cytometry and cell sorting
-------------------------------

CD34^+^CD38^low^ cells and CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC were isolated after labeling with human specific monoclonal antibodies (MoAbs, see *Online Supplementary Table S1* for details). Cell sorting was performed using either a Becton Dickinson (BD)-FACS-ARIA3 SORP or a BD-FACS-Influx (laser 488, 405, 355, 561 and 633, BD Bioscience). Flow cytometry experiments are described in the *Online Supplementary Methods*.

Transplantation assays
----------------------

NOD.Cg-Prkdc(scid) Il2rg(tm1Wjl)/SzJ (NSG) mice (Jackson Laboratory, Bar Harbor, ME, USA) were housed in the pathogen-free animal facility of IRCM, CEA, Fontenay-aux-Roses, France. Adult 8-12-week old NSG mice received a 3 Gy sublethal irradiation using a GSRD1 γ-irradiator (source Cesium137, GSM) and were anesthetized with isoflurane before intravenous retro-orbital injection (i.v.) of human cells as described in the *Online Supplementary Methods*. All experimental procedures were carried out in compliance with French Ministry of Agriculture regulations (animal facility registration n.: A9203202, Supervisor: Michel Bedoucha, APAFIS \#9458-2017033110277117v2) for animal experimentation and in accordance with a local ethical committee (\#44).

Immunofluorescence
------------------

Immunofluorescence was performed on cell-sorted HSPC irradiated and incubated 30 min, 1 hour (h), or 3 h at 37°C in MyeloCult medium, as previously described.^[@b22-1052044]--[@b24-1052044]^ Details of the methods used are available in the *Online Supplementary Methods*.

Drug treatments
---------------

CD34^+^ cells or CD34^+^ CD38^low^CD45RA^−^CD90^+^ HSPC were treated with several drugs as described in the *Online Supplementary Methods*.

Colony forming unit-cell assay
------------------------------

Colony forming unit-cell assay (CFU-C) and serial platings were performed as previously described;^[@b6-1052044]^ see *Online Supplementary Methods* for details. Depending on CB pool samples, 60-80 colonies were generated from 500 HSPC non-irradiated or irradiated at 20 mGy.

Primary and extended long-term culture initiating cell assays
-------------------------------------------------------------

Long-term culture initiating cell assay was performed as previously described^[@b6-1052044]^ and is described in detail in the *Online Supplementary Methods*.

Intracellular flow cytometry
----------------------------

Ki67, cleaved caspase 3, phospho-p38MAPK (P-p38, phosphorylation on Thr180/Tyr182), phospho-ATM, p53 and phospho-p53 staining were performed as previously described^[@b4-1052044]^ (Ki67) and according to the manufacturer's instructions, respectively. More details can be found in the *Online Supplementary Methods*.

Carboxyfluorescein diacetate succinimidyl ester staining
--------------------------------------------------------

3x10^5^ CD34^+^ cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) (2.5 mM, Sigma, France) and cultured in StemSpan medium supplemented with cytokines (Stem Cell Technologies), as described in the *Online Supplementary Methods*.

Reactive oxygen species quantification and mitochondria activity assay
----------------------------------------------------------------------

Reactive oxygen species quantification was performed with fresh CD34^+^ cells using CellRox Orange reagent following the manufacturer's instructions (ref. C10443, Molecular Probes, ThermoFisher Scientific). Mitochondrial activity assay was performed using mitotracker green (MTG) and TMRE products, according to the manufacturer's instructions (Molecular Probes, ThermoFisher Scientific).

Statistical analysis
--------------------

Mann and Whitney (M&W) and Kruskal and Wallis (K&W) non-parametric statistical analyses were used. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001, ^\*\*\*\*^*P*\<0.0001.

Results
=======

A 20 mGy dose of irradiation decreases serial replating capacity of human hematopoietic stem/progenitor cells
-------------------------------------------------------------------------------------------------------------

To understand the impact of HSPC exposure to LDIR, we first performed serial long-term culture initiating cell (LTC-IC) and CFU tests as surrogate assays to study human HSPC properties, i.e. self-renewal and differentiation capacities.^[@b25-1052044]--[@b27-1052044]^ Human CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC were purified, irradiated and cultured with the MS5 stromal cell line in LTC medium for five weeks or plated directly in semi-solid methylcellulose cultures. In LTC-IC limiting dilution analyses, every single well was harvested independently at the end of the culture and plated in CFU-C assay. The LTC-IC frequency obtained after a 20 mGy irradiation of HSPC was similar to the LTC-IC frequency of sham-irradiated HSPC (1/15) suggesting that LDIR do not affect LTC-IC frequency. In contrast, a high (2.5 Gy) irradiation dose induced a drastic drop in LTC-IC frequency (1/272) ([Figure 1A](#f1-1052044){ref-type="fig"}). In addition, 2.5 Gy-irradiated HSPC directly seeded in CFU-C conditions after IR produced very few colonies compared to control cells whereas 20 mGy-irradiated HSPC generated a similar number of CFU-C to sham-irradiated HSPC ([Figure 1B](#f1-1052044){ref-type="fig"} and *Online Supplementary Figure S1A*). No difference in the quality of CFU-C was observed between sham and 20 mGy conditions (*Online Supplementary Figure S1B*). These primary LTC-IC and primary CFU-C assays show that 20 mGy LDIR do not alter HSPC frequency and clonogenicity *in vitro* and do not induce any myelo/erythroid differentiation bias in primary cultures (*Online Supplementary Figure S1B*). To characterize whether LDIR have deleterious effects on human HSPC self-renewal potential *in vitro*, serial replatings were performed for both CFU-C and LTC-IC assays.^[@b25-1052044]--[@b27-1052044]^ We observed that 20 mGy and 2.5 Gy-irradiated CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC produced lower numbers of secondary colonies in contrast to sham-irradiated HSPC, showing that 20 mGy alters their serial clonogenic potential ([Figure 1C](#f1-1052044){ref-type="fig"} and *Online Supplementary Figure S1C*). This result was also obtained after picking up and replating individual primary CFU-GM colonies (*Online Supplementary Figure S1D*). In the case of LTC-IC, secondary/extended cultures were initiated using cells expressing high CD34 surface expression (CD34^hi^), purified after the initial five weeks of LTC-IC culture (*Online Supplementary Figure S1E*) and seeded for five additional weeks in LTCIC conditions at limiting dilution. Of note, we were not able to perform such extended LTC-IC with the 2.5 Gy condition due to very low cell quantities in the cultures. Interestingly, there was a 2-fold decrease in the extended LTC-IC frequency of 20 mGy-irradiated HSPC compared to sham-irradiated HSPC (1/275 *vs*. 1/128) (*Online Supplementary Figure S1F*) showing a defect in long-term HSPC maintenance. This decrease in secondary LTC-IC frequency induced by 20 mGy LDIR was also found in bulk culture conditions with 20 mGy-irradiated HSPC generating fewer CFU-C than sham-irradiated cells after secondary LTC-IC cultures (*Online Supplementary Figure S1G*). Taken together, these results suggest that a single exposure to 20 mGy LDIR impairs the *in vitro* self-renewal potential of human CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC.

![Low doses (LD) of ionizing radiations (IR) exposure of human hematopoietic stem progenitor cells (HSPC) leads to deficient serial colony forming unit-cell assay (CFU-C) and primary and extended long-term culture initiating cell (LTC-IC) potentials. CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were sorted from pools of independent cord blood (CB) samples by cell sorting and exposed to the indicated IR doses prior to *in vitro* cultures. (A) LTC-IC assay in limiting dilution (pool of 2 experiments, 120 wells/IR dose). Irradiated CD34^+^ CD38^low^ CD45RA^−^CD90^+^ HSPC were seeded on MS5 stromal cells in limiting dilution for five weeks then plated in methylcellulose for 12 days. LTC-IC frequency was calculated using LCALC software. (B) Primary CFU-C assay (cumulative results from 4 independent experiments with HSPC isolated from 4 independent pools of CB samples). HSPC (500 cells/plate) were plated in CFU-C condition for 12-14 days and the number (nb) of CFU-C was quantified. Results are normalized to the non-irradiated conditions. (C) Primary CFU-C were pooled and replated in methylcellulose for 12-14 days. Shown are the nb of secondary CFU-C. Results are normalized to the sham-irradiated conditions (cumulative results from 3 independent experiments). Results are shown as mean±standard error of mean. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001, ^\*\*\*\*^*P*\<0.0001 (Mann-Whitney statistics).](1052044.fig1){#f1-1052044}

A 20 mGy dose of irradiation decreases human hematopoietic stem/progenitor cell hematopoietic reconstitution potential
----------------------------------------------------------------------------------------------------------------------

We then studied the effect of 20 mGy LDIR on *in vivo* HSC functions. To do so, NSG mice were first engrafted with human CD34^+^ cells. Sixteen weeks later, once human hematopoiesis was stabilized, engrafted mice were exposed to 0, 20 mGy and 2.5 Gy IR doses and sacrificed immediately after irradiation. Bone marrow (BM) cells were harvested and phenotype analysis was performed. The levels of human CD45^+^ cells and the percentage of Lin^neg^CD34^+^ cells recovered from NSG BM were similar in the irradiated and non-irradiated groups (*Online Supplementary Figure S2A and B*). Furthermore, no increase of apoptosis of human cells engrafted in NSG mouse BM was observed in mice irradiated at 20 mGy compared to non-irradiated mice (*Online Supplementary Figure S2C*). To study the consequences of irradiation on human HSC functions (i.e. reconstitution and differentiation potential), BM cells containing 5.10^4^ human CD45^+^CD34^+^CD19^−^cells were transplanted in secondary NSG mice. Human hematopoietic development in the secondary recipient mice was analyzed 13-16 weeks later. Human engraftment levels in mice receiving 20 mGy and 2.5 Gy-irradiated BM cells were decreased compared to sham-irradiated BM cells ([Figure 2A](#f2-1052044){ref-type="fig"} and *Online Supplementary Figure S2D*) showing that 20 mGy-irradiated BM cells are less efficient than non-irradiated BM cells to reconstitute human hematopoiesis in secondary recipient mice. However, in the 20 mGy condition, some human cells were still detected in the BM of secondary recipient mice. Among them, human B CD19^+^ lymphocytes and CD14^+^/CD15^+^ myeloid cells were produced at the same proportion than in non-irradiated conditions, indicating that the few HSC that survived LDIR had maintained their differentiation capacities ([Figure 2B](#f2-1052044){ref-type="fig"}). To exclude a non-cell autonomous effect of LDIR on HSPC mediated by irradiated hematopoietic or non-hematopoietic BM cells during the transplantation, we purified human CD34^+^CD38^low^ cells from the BM of control and 20 mGy-irradiated mice before transplantation in secondary NSG mice. As in the previous experiment, human cell engraftment in secondary recipients showed a reduced hematopoietic reconstitution capacity when 20 mGy-irradiated CD34^+^CD38^low^ cells were used ([Figure 2C](#f2-1052044){ref-type="fig"}) and again no difference in the differentiation of the engrafted HSC was shown ([Figure 2D](#f2-1052044){ref-type="fig"}) showing a cell-autonomous effect of LDIR in HSPC. Taken together these results indicate that 20 mGy LDIR affects the hematopoietic reconstitution capacity of human HSPC.

![Hematopoietic reconstitution capacities of human hematopoietic stem cells (HSC) after *in vivo* exposure to low doses (LD) of ionizing radiations (IR). NSG mice were transplanted with 5.10^4^ CD34^+^ CB cells and 13 to 16 weeks post graft mice were irradiated or not with the indicated doses then immediately sacrificed. Bone marrow (BM) cells were recovered and characterized by flow cytometry (*Online Supplementary Figure S2A and B*). An equivalent of 5.10^4^ CD34^+^ CD19^−^ BM cells were injected in secondary recipient mice. (A) Dot plots of representative engraftment levels (left: human hCD45^+^ cells) in secondary recipient mice and human engraftment levels obtained in the BM of 9 secondary NSG mice (right: 2 independent experiments are pooled). Results of a third experiment is shown in *Online Supplementary Figure S2D* since engraftment levels of control mice were lower. (B) Proportion of engrafted human B cells and myeloid cells based respectively on CD19 and CD14/CD15 expression gated in human CD45^+^ cells, in secondary recipient mice. (C) Human hematopoietic reconstitution of CD34^+^ CD38^low^ Lin^neg^ BM cells purified by cell sorting from primary mice and transplanted in secondary recipient mice. Shown are human cell reconstitution in the BM of secondary recipient mice 13 weeks later. (D) Proportion of engrafted human B cells and myeloid cells gated within human CD45^+^ cell compartment in secondary mice after human CD34^+^ CD38^low^ Lin^neg^ BM cell transplants. Results are shown as mean±standard error of mean. ^\*^*P*\<0.05; ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 (Mann-Whitney statistics).](1052044.fig2){#f2-1052044}

Low doses of ionizing radiations do not induce apoptosis nor alter cell cycle of hematopoietic stem/progenitor cells
--------------------------------------------------------------------------------------------------------------------

To characterize the mechanisms activated by 20 mGy LDIR in human primary HSPC, we first investigated if LDIR trigger apoptosis. Analysis of caspase 3 cleavage showed that 2.5 Gy irradiation increases CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC apoptosis ([Figure 3A](#f3-1052044){ref-type="fig"}, red histograms), whereas 20 mGy LDIR had no significant effect on the percentage of cleaved caspase 3-expressing HSPC compared to sham-irradiated HSPC ([Figure 3A](#f3-1052044){ref-type="fig"}, green histograms). As increased HSPC cell cycle can lead to self-renewal defects and HSC exhaustion,^[@b28-1052044]^ we also determined if 20 mGy LDIR could alter HSPC proliferation. 20 mGy and sham-irradiated CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC generated the same number of CD34^+^ and CD34^+^CD90^+^ cells *in vitro* ([Figure 3B](#f3-1052044){ref-type="fig"}, left and right panel, respectively) whereas 2.5 Gy-irradiated HSPC did not proliferate efficiently. Moreover, the proportion of CD34^+^CD90^+^ cells evolved similarly during culture period after no irradiation or 20 mGy LDIR, strengthening the lack of effect of a 20 mGy irradiation on HSPC differentiation ([Figure 3C](#f3-1052044){ref-type="fig"}). We studied the cell division rate of irradiated HSPC after staining with CFSE and during culture in serum free medium with cytokines. The number of cell divisions was the same for sham- or 20 mGy-irradiated HSPC ([Figure 3D](#f3-1052044){ref-type="fig"}). After 6 and 8 days of culture, no difference in CFSE^hi^ cell (the most immature cells)^[@b28-1052044]^ proportion was observed between 20 mGy and control HSPC ([Figure 3E](#f3-1052044){ref-type="fig"}) and 90% of these CFSE^hi^ cells expressed the immature markers CD34 and CD90^[@b29-1052044]^ regardless of the culture time and irradiation conditions considered ([Figure 3F](#f3-1052044){ref-type="fig"}). These results show that 20 mGy LDRI does not impair either proliferation or differentiation of the most immature HSPC in cytokine-stimulating conditions.

![Low doses (LD) of ionizing radiations (IR) do not induce apoptosis and do not modify the cell cycle in human hematopoietic stem progenitor cells (HSPC). (A) CD34^+^ cells were irradiated and cultured for 6 hours (h) at 37°C, then stained for cell surface markers and fixed. Cleaved-caspase 3 protein expression was analyzed by FACS. Percentage of cleaved-caspase 3^+^ cells on CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC and on total CD34^+^ (left panel) and overlay histograms of cleaved-caspase 3 expression on HSPC (right panel) are represented in function of IR doses. One representative experiment out of two is shown. (B) Sorted CD34^+^ CD38^low^ CD45RA^−^CD90^+^ HSPC were irradiated or not and co-cultured with MS5 stroma cell line for several days. At several time points, cells were numerated and stained for cell surface markers. The numbers of CD34^+^ cells (left) and Lin^neg^CD34^+^CD90^+^ cells (right) were monitored over time. One representative experiment out of two is shown. (C-F) Sorted CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were first stained with carboxyfluorescein hydroxysuccinimidyl ester (CFSE), irradiated and cultured for several days. One representative experiment out of two is shown. (C) Differentiation of CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC in culture was followed by using expression levels of CD90 and CD34 surface markers. Dot plots (left panel) represent CD90 and CD34 expression after 2 and 8 days of culture for control and 20 mGy-irradiated HSPC. Histogram bars (right panel) represent the percentage of Lin^neg^CD34^+^CD90^+^ cells at different days of culture after IR. (D) Levels of carboxyfluorescein succinimidyl ester (CFSE) fluorescence in the Lin^neg^CD34^+^CD90^+^ subset at different days of culture in control and 20 mGy conditions. No differences in cell division can be detected between both conditions. (E) Histogram representing CFSE staining in the HSPC-derived bulk cells at days 6 and 8 of culture in control and 20 mGy conditions (left panels). Histogram bars show CFSE labeling loss over culture time in the bulk population (right panel). (F) Percentage of Lin^neg^CD34^+^CD90^+^ cells in CFSE^hi^ cells in control and in 20 mGy conditions. Results are shown as mean±standard error of mean. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 (Mann and Whitney statistics). Abs Nb: absolute numbers.](1052044.fig3){#f3-1052044}

Low doses of ionizing radiations do not induce DNA double strand breaks nor activate ATM or p53 signaling pathway
-----------------------------------------------------------------------------------------------------------------

Since irradiation usually induces DNA double strand breaks (DSB), we quantified the number of H2AX and 53BP1 foci 30 min post irradiation ([Figure 4A](#f4-1052044){ref-type="fig"}). In contrast to a 2.5 Gy irradiation, a 20 mGy irradiation did not increase the number of H2AX and 53BP1 foci compared to sham-irradiated CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC indicating that 20 mGy LDIR does not induce DNA DSB ([Figure 4B](#f4-1052044){ref-type="fig"}). We then studied the DNA damage response (DDR) path way after exposure to LDIR by quantification of ATM and p53 phosphorylation 10 min and 3 h after irradiation. As expected, 2.5 Gy-irradiated HSPC exhibited an increased ATM and p53 phosphorylation compared to control HSPC ([Figure 4C and D](#f4-1052044){ref-type="fig"}). In contrast, no increase in ATM or p53 phosphorylation was detected after exposure to 20 mGy ([Figure 4C and D](#f4-1052044){ref-type="fig"}). Importantly, the expression of p53 protein was not modified by IR (*Online Supplementary Figure S3*). Altogether these results indicate that 20 mGy LDIR does not induce DNA DSB nor activate p53 and ATM-dependent DNA damage repair pathway in human HSPC.

![Low doses (LD) of ionizing radiations (IR) do not induce DNA double strand breaks nor activate ATM-dependent/p53-dependent DNA repair pathway in human hematopoietic stem progenitor cells (HSPC). CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were purified by cell sorting and exposed to different doses of IR as indicated. (A) γH2AX and 53BP1 foci were examined by confocal microscopy 30 minutes (min) post IR (at least 100 cells by condition were analyzed. (B) Number (Nb) of 53BP1 (left panel) and γH2AX (right panel) foci by positive HSPC. (C and D) CD34^+^ cells were irradiated, cultured 10 min (C) or 3 hours (h) (D) at 37°C, stained for cell surface markers then fixed. (C) Analysis of ATM-phosphorylation on Ser1981 by FACS in CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC (one representative experiment out of 4). (D) Analysis of p53-phosphory-lation on Ser15 (left) and p53 protein expression (right) in CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC by FACS 3 h post IR (one representative experiment out of 5). Results are shown as mean±standard error of mean. ^\*^*P*\<0.05, ^\*\*\*\*^*P*\<0.0001 (Mann and Whitney statistics).](1052044.fig4){#f4-1052044}

Low doses of ionizing radiations increase reactive oxygen species levels, 8-oxo-dG lesions, induce NRF2 translocation into the nucleus, activate p38MAPK pathway and delay mitochondrial activation
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since irradiation is known to promote ROS production,^[@b10-1052044],[@b18-1052044],[@b30-1052044]^ we next quantified ROS levels after LDIR exposure. ROS levels in CD34^+^CD38^low^CD45RA^−^ CD90^+^ HSPC after exposure to LDIR were measured immediately or 3 h after irradiation of CD34^+^ cells. Menadione and NAC treatments were used to respectively induce and inhibit ROS production. Increased ROS levels in HSPC were observed immediately after exposure to 20 mGy LDIR and to a lesser extent after exposure to 2.5 Gy, as compared to no irradiation ([Figure 5A](#f5-1052044){ref-type="fig"} and *Online Supplementary Figure S4A and B*). These ROS increased levels were transient as no further difference in ROS levels could be detected 3 h after irradiation (*Online Supplementary Figure S4C*). NAC pretreatment of HSPC significantly decreased this early burst of ROS after 20 mGy and 2.5 Gy exposure. As increased ROS levels can lead to 8-oxo-dG lesions, as well as NRF2 translocation into the nucleus, we looked for 8-oxo-dG lesions in DNA of irradiated *versus* sham-irradiated HSPC^[@b30-1052044],[@b31-1052044]^ and NRF2 location into HSPC.^[@b22-1052044],[@b24-1052044]^ As expected sham-irradiated and H~2~O~2~-treated (control) cells exhibited respectively no and highly detectable anti-8-oxo-dG nuclear labeling. After exposure to 20 mGy, 8-oxo-dG staining was detected in the HSPC nucleus showing that 20 mGy LDIR can induce 8-oxo-dG lesions in DNA ([Figure 5B and C](#f5-1052044){ref-type="fig"}). Similarly, the NRF2 protein was found in the nucleus of 20 mGy- and 2.5 Gy-irradiated HSPC compared to sham-irradiated cells ([Figure 5D](#f5-1052044){ref-type="fig"}). As an increase in ROS is also associated with a delay in mitochondrial activation,^[@b32-1052044]^ we used mitotracker green (MTG) and TMRE probes to study respectively mitochondrial mass and membrane potential. Of note, CB CD34^+^ cells and CB HSPC are mainly quiescent, therefore there is very little mitochondrial activation (TMRE^neg^) ([Figure 5E](#f5-1052044){ref-type="fig"}, first left panel, and *data not shown*). HSPC exposure to LDIR did not alter the mitochondrial mass (MTG) of CD34^+^ cells in short-term culture (*Online Supplementary Figure S5A*). However, a delay in mitochondrial activation occurred (MTG^+^ TMRE^+^ HSPC) as soon as 3 h post IR ([Figure 5E](#f5-1052044){ref-type="fig"} and *Online Supplementary Figure S5B*), suggesting that LDIR affect mitochondrial activity. In line with mitochondria activation, autophagy activation was monitored after IR (*Online Supplementary Figure S6*). The CytoID probe was used to follow autophagy in HSPC.^[@b33-1052044],[@b34-1052044]^ As expected, after treatment with chloroquine and rapamycine, autophagy was detected in CD34^+^ cells (*Online Supplementary Figure S6A*). Besides, LDIR did not induce autophagy in HSPC after a different culture time (*Online Supplementary Figure S6B and C*). Finally, we investigated whether the observed increase of ROS can lead to p38MAPK activation as previously documented.^[@b19-1052044]^ Thr180/Tyr18 phosphorylation was used as a marker of p38MAPK activation. As a positive control of p38MAPK activation, increased p38MAPK phosphorylation (P-p38MAPK) can be detected in PMA-treated HSPC (*Online Supplementary Figure S5C*). In irradiated HSPC, we observed an increase of P-p38MAPK after exposure to 20 mGy and 2.5 Gy IR compared to sham-irradiated controls, suggesting that LDIR can activate p38MAPK pathway in HSPC similarly to high irradiation doses (2.5 Gy)^[@b35-1052044]^ ([Figure 5F](#f5-1052044){ref-type="fig"}). To further confirm that p38MAPK acti vation was due to the early transient increase in ROS levels, HSPC were treated with NAC or SB203580, a p38MAPK inhibitor, prior to 20 mGy irradiation. As expected, SB203580 prevented increased p38MAPK phosphorylation in 20 mGy-irradiated HSPC ([Figure 5G](#f5-1052044){ref-type="fig"}). NAC treatment resulted in the same decrease in p38MAPK phosphorylation in 20 mGy-irradiated HSPC ([Figure 5G](#f5-1052044){ref-type="fig"}). Altogether, these results show that LDIR increase ROS levels leading to DNA 8-oxo-dG lesions, NRF2 translocation into the nucleus and p38MAPK activation in 20 mGy-irradiated HSPC.

![Low doses (LD) of ionizing radiations (IR) induce transitory reactive oxygen species (ROS) increase, 8-Oxo-dG DNA lesions and p38MAPK activation with altered mitochondrial activity in hematopoietic stem progenitor cells (HSPC). (A) ROS levels were quantified in CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC using CellRox Orange probe immediately after IR. (Left) Pool of CellRox Orange mean of fluorecence relative to 0 Gy condition, right overlay histograms showing CellRox Orange fluorescence. One representative experiment out of four is shown (see also *Online Supplementary Figure S4*). Results are shown as mean±standard error of mean. (B and C) CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were purified by cell sorting and exposed to different doses of IR or H~2~O~2~ as indicated. Shown are 8-oxo-dG lesions quantified by confocal microscopy 30 minutes post IR (at least 50 cells were screened by condition in 3 independent experiments. Blue: Dapi, Red: 8-oxo-dG). Histograms represent the intensity of fluorescence of 8-oxo-dG staining within HSPC nucleus. To avoid heterogeneity, mean fluorescence intensity (MFI) has been normalized to the sham-irradiated condition. (D) CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were purified by cell sorting and exposed to different doses of IR as indicated. Shown are NRF2 staining quantified by confocal microscopy 2 hours (h) post IR (at least 50 cells were screened by condition in 2 independent experiments. Blue: Dapi, Red: NFR2). Histograms represent the intensity of fluorescence of NRF2 staining within HSPC nucleus. To avoid heterogeneity, MFI has been normalized to the sham-irradiated condition. (E) Mitochondrial activity was monitored over time by using TMRE (membrane potential, left panel) and MTG (mitochondrial mass) probes in HSPC. Shown is the frequency of TMRE^+^ cells over time in culture for one representative experiment out of three independent experiments and the mitochondria activation (% of MTG^+^ TMRE^+^, right panel) over time in culture (pool of the 3 independent experiments). (F) CD34^+^ cells were irradiated and cultured 2 h at 37°C followed by cell surface marker staining and then fixed. Phosphorylation of p38MAPK on Thr180/Tyr182 was analyzed by flow cytometry. Overlay histograms of p38MAPK phosphorylation on CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC (left panel) are represented for the three irradiation conditions. Overlay histograms are from one representative experiment out of three. Histogram bars (right panel) show the MFI of phospho-p38MAPK in CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC (n=3 independent experiments). (G) CD34^+^ cells were treated with NAC, SB203580 (SB) or untreated for 1 h at 37°C then irradiated and cultured 2 h at 37°C. Staining for cell surface markers was performed and then cells were fixed. Phosphorylation of p38MAPK on Thr180/Tyr182 was analyzed by flow cytometry. Histogram bars show mean of fluorescence of phospho-p38MAPK in CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC (n=3 independent experiments). Results are shown as mean±standard error of mean. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001, ^\*\*\*\*^*P*\<0.0001 (Mann-Whitney statistics).](1052044.fig5){#f5-1052044}

20 mGy-dependent reactive oxygen species increase and p38MAPK activation lead to defects in the serial clonogenic potential of hematopoietic stem/progenitor cells
------------------------------------------------------------------------------------------------------------------------------------------------------------------

As increased ROS levels can lead to HSC loss of potentials,^[@b18-1052044]^ we then asked if ROS-dependent pathways could explain the HSPC functional defects after LDIR exposure. To this end, serial CFU-C assays were performed using sorted CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC pre-treated or not with NAC before exposure to LDIR and cultures. 20 mGy-irradiated HSPC generated the same number of primary CFU-C compared to sham-irradiated HSPC with or without NAC treatment ([Figure 6A](#f6-1052044){ref-type="fig"} and *Online Supplementary Figure S7A*). However, 20 mGy-irradiated HSPC treated with NAC before IR, but not 2.5 Gy-irradiated cells, were capable of generating equivalent numbers of secondary CFU-C compared to sham-irradiated HSPC, showing that NAC treatment prior to exposure to 20 mGy protected HSPC from the loss of *in vitro* serial clonogenic potential ([Figure 6B](#f6-1052044){ref-type="fig"} and *Online Supplementary Figure S7B*). This result was obtained when the serial plating assays were performed with the whole cell population harvested from primary CFU cultures ([Figure 6B](#f6-1052044){ref-type="fig"}), and also after picking up and replating individual primary CFU-GM colonies (*Online Supplementary Figure S7C*). Rescue of secondary replating properties of HSPC after 20 mGy LDIR was also obtained using HSPC pretreatment with Catalase, another antioxidant enzyme (*Online Supplementary Figure S7D*). These results show that preventing ROS production with antioxidants before LDIR exposure rescues the *in vitro* serial clonogenic potentials of HSPC.

![Low doses (LD) of ionizing radiations (IR) induce a transitory increase of ROS in CD34^+^ CD38^low^ CD45RA^−^CD90^+^ hematopoietic stem progenitor cells (HSPC) that alters their serial clonogenic potential. (A) Colony forming unit-cell (CFU-C) assay. Cumulative results from 3 independent experiments with CD34^+^ CD38^low^ CD45RA^−^CD90^+^ HSPC from 3 independent pools of cord blood (CB) samples. Sorted CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were pre-treated or not with N-acetylcysteine (NAC) prior to IR and plated (500 cells/plate) in CFU-C conditions for 12-14 days. Shown are the number (nb) of CFU-C (primary CFU-C). Results are normalized to the sham-irradiated conditions. (B) Primary CFU-C were pooled and replated in CFU-C conditions for 12-14 days. Shown are the nb of secondary CFU-C, normalized to the sham-irradiated conditions (cumulative results from 3 independent experiments). (C) Sorted CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC were pre-treated or not with SB203580 prior to IR and plated (500 cells/plate) in CFU-C conditions for 12-14 days. Shown are the nb of CFU-C (primary CFU-C). Results are normalized to the sham-irradiated conditions. (D) Primary CFU-C were pooled and replated in CFU-C conditions for 12-14 days. Shown are the nb of secondary CFU-C, normalized to the sham-irradiated conditions (cumulative results from 2 experiments with CD34^+^ CD38^low^ CD45RA^−^ CD90^+^ HSPC from two independent pools of CB samples. (E) Model explaining how LDIR can impair HSC self-renewal through ROS-p38MAPK dependent pathway. Results are shown as mean+standard error of mean. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001, ^\*\*\*\*^*P*\<0.0001 (Mann-Whitney statistics).](1052044.fig6){#f6-1052044}

Finally, we wondered whether ROS-mediated p38MAPK activation was involved in LDIR-induced HSC self-renewal defects. HSPC were pre-treated with SB203580, a specific inhibitor of p38MAPK, prior to 20 mGy irradiation and serial CFU-C assays. No difference in the number of primary CFU-C was detected with SB203580 pretreated HSPC regardless of the irradiation dose used ([Figure 6C](#f6-1052044){ref-type="fig"} and *Online Supplementary Figure S7E*). However, whereas SB203580-untreated 20 mGy-irradiated HSPC generated very few secondary CFU-C, SB203580 treatment of HSPC protected their capacity to generate secondary CFU-C as efficiently as sham-irradiated HSPC ([Figure 6D](#f6-1052044){ref-type="fig"} and *Online Supplementary Figure S7F*), suggesting that p38MAPK pathway activation participates in LDIR-mediated HSPC defects. Based on all these results, we propose a model in which 20 mGy LDIR rapidly increases ROS amounts in HSPC that induce p38MAPK activation altogether leading to a defect in the long-term maintenance of the clonogenic potential of CD34^+^CD38^low^CD45RA^−^CD90^+^ HSPC ([Figure 6E](#f6-1052044){ref-type="fig"}).

Discussion
==========

Here we show that exposure to a single 20 mGy LDIR alters the functional properties of human HSPC. No defect in HSPC differentiation potential tested in primary cultures was detected after exposure to LDIR. However, HSPC irradiated at 20 mGy *in vivo* in the NSG mouse BM harbored a defect in human hematopoietic reconstitution potential. This defect was cell-intrinsic since 20 mGy-irradiated CD34^+^CD38^low^ cells isolated after *in vivo* irradiation failed to serially reconstitute NSG mice as efficiently as non-irradiated cells; the same was observed with *in vivo* 20 mGy-irradiated bulk BM cells. This *in vivo* phenotype was also observed *in vitro* when using LDIR-exposed CD34^+^CD38^-/low^CD45RA^−^CD90^+^ HSPC in serial CFU-C and LTC-IC assays, supporting the fact that these effects are cell-autonomous and not limited to transplantation conditions. Likewise, *in vitro*, HSPC exposure to 20 mGy induced a loss of secondary CFU-C potential as well as a decrease in secondary LTC-IC frequency. Altogether, based on the use of *in vivo* assays and *in vitro* surrogate assays to evaluate the self-renewal potential,^[@b25-1052044]--[@b27-1052044]^ these functional results strongly argue for an effect of 20 mGy LDIR on the long-term HSC functional properties, most likely through a loss of self-renewal potential. Of note, 20 mGy LDIR has been shown to decrease self-renewal capacity in murine HSC as well.^[@b22-1052044]^

High-dose ionizing radiations (HDIR) (2.5 Gy) are known to induce DNA DSB in human HSPC, rejoining is delayed, and H2AX foci persist leading to a loss of HSC functions partly related to apoptosis and activation of p53 pathway.^[@b23-1052044]^ Despite the publication of several studies over the past few years,^[@b36-1052044]--[@b38-1052044]^ little is known about which pathway is used to repair DNA DSB in human HSPC.^[@b16-1052044]^ In the present work, we tested if a single 20 mGy LDIR can alter cell cycle and induce apoptosis, and cause DNA DSB in HSPC. Surprisingly, and in contrast to HDIR, 20 mGy irradiation did not induce obvious cell cycle defects nor promote apoptosis in HSPC, since no increased cleaved caspase 3 protein was detected after exposure to 20 mGy LDIR. Moreover, no significant increase in H2AX and 53BP1 foci numbers was revealed, suggesting that 20 mGy LDIR does not produce DNA DSB. Finally, neither p53 nor ATM pathway was activated after 20 mGy exposure. However, and similarly to HDIR, 20 mGy irradiation led to 8-oxo-dG lesions in HSPC DNA. No such lesion was observed in sham-irradiated cells. Altogether, 20 mGy LDIR does not induce classic DNA damage and repair pathways usually activated by γ-irradiation but rather triggers 8-oxo-dG-dependent DNA damage that can be linked to uncontrolled increase in ROS levels. Moreover, NRF2 protein was found in the nucleus of 20 mGy-irradiated HSPC. Indeed, increased ROS levels were detected immediately after HSPC exposure to 20 mGy and, in line with this, we could observe that 20 mGy-irradiated HSPC had a delay in mitochondrial activation compared to control cells. Our results and those from Romeo's lab^[@b22-1052044]^ suggest that the transient increase in ROS levels is likely to be responsible for HSPC defects after LDIR exposure. We tested this hypothesis using antioxidant treatment of HSPC prior to exposure to LDIR. Importantly, pre-treatment of HSPC with NAC or Catalase prior to LDIR exposure did rescue the loss of *in vitro* serial clonogenic potential of HSPC. In mouse, irradiation can induce p38MAPK activation through increased levels of ROS.^[@b19-1052044],[@b35-1052044]^ Prevention of p38MAPK activation leads to decreased IR toxicity in HSC.^[@b35-1052044]^ It is also known that dormant HSC have little or no p38MAPK activation, and that p38MAPK activation in HSC is associated with differentiation and loss of HSC self-renewal.^[@b17-1052044],[@b39-1052044]^ In humans, the function of the p38MAPK pathway is still not fully understand but preventing p38MPAK activation allows HSC maintenance/expansion *in vitro*.^[@b40-1052044],[@b41-1052044]^ Interestingly, in our model, we observed a ROS-dependent p38MAPK activation in human HSPC after exposure to both 2.5 Gy and 20 mGy IR. The involvement of the p38MAPK pathway in the LDIR-mediated HSC self-renewal defects was then confirmed in serial replating CFU-C assays. Indeed, pre-treatment of HSPC with a specific inhibitor of p38MAPK prior to LDIR rescued their serial replating capacities. This is in agreement with the fact that HSC treatments either with NAC or p38MAPK inhibitor increase LTC-IC frequency and promote higher hematopoietic reconstitution upon serial transplantation.^[@b18-1052044],[@b19-1052044]^ It is important to highlight that two other studies on the effect of LDIR have also shown that LDIR did not induce classic DNA damage and repair pathways, but rather an oxidative stress (increase in ROS level and NRF2 nuclear localization).^[@b22-1052044],[@b42-1052044]^ Therefore, oxidative stress induction seems to be a feature of exposure to LDIR, leading either to a differentiation defect in the case of cycling stem cells^[@b42-1052044]^ or a self-renewal defect in the case of quiescent stem cells, as we observed for human HSPC; this is also the case for mouse HSC.^[@b22-1052044]^

Increased ROS levels as well as p38MAPK activation in HSC are associated with aging and stress during serial transplantation.^[@b17-1052044],[@b18-1052044],[@b43-1052044]^ The aging phenomenon is clearly a strong driver of differentiation and expansion of myeloid-biased HSPC.^[@b44-1052044]^ Here we were not able to detect any bias toward myelopoiesis when analyzing the progeny of the surviving LDIR-treated human HSC after serial transplantation, maybe due to the NSG mouse model, as the NSG BM microenvironment is more supportive of B-cell rather than myeloid-cell differentiation.^[@b45-1052044]^ Moreover, all experiments were performed with HSPC from CB, i.e. young HSPC. Thus, although it is tempting to speculate that exposure to LDIR may induce early/accelerated aging of the human HSC, we have no formal proof of that. Since radiation sensitivity and transplantation efficiency are highly dependent on the ontogenic origin of HSPC,^[@b46-1052044]--[@b48-1052044]^ aged HSPC may be more sensitive to LDIR. Another feature of HSC aging is higher risk of leukemic transformation, especially in the presence of an oncogenic-initiating event such as a mutation of the epigenetic modifiers *DNMT3a* or *TET2*, as observed in blood from elderly people.^[@b49-1052044]^ A very interesting and important question for the future would be to determine if aged HSC exposed to LDIR are more prone to (pre)leukemic transformation, especially when HSC contain primary oncogenic mutations.

To sum up, in contrast to HDIR, 20 mGy does not induce DNA DSB, nor apoptosis and a defect in the cell cycle. However, both 20 mGy and 2.5 Gy IR induce 8-oxo-dG lesions in DNA, increase ROS levels, and activate the p38MAPK pathway leading to HSC self-renewal defects. Nevertheless, only 20 mGy-LDIR effects were counteracted by use of antioxidants prior to irradiation exposure, indicating there are major differences between these two IR doses. These results show for the first time that a dose as low as 20 mGy can have a huge impact on human HSC through both similar and also different molecular mechanisms to those of high IR doses.
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